Abstract: Accurate spatial information on forest roads is important for forest management and harvest operations. This study evaluated the positional accuracy, shape similarity, and cost of three mapping techniques: GNSS (Global Navigation Satellite System) mapping, CAD file conversion (as-built drawing), and image warping. We chose five road routes within the national forest road system in the Republic of Korea and made digital road maps using each technique. We then compared map accuracy to reference maps made from field surveys. The mapping and field-survey results were compared using point-correspondence, buffering analysis, shape index, and turning function methods. The comparisons indicate that GNSS mapping is the best technique because it generated the highest accuracy (Root Mean Square Error: GNSS mapping 1.28, image warping 7.13, CAD file conversion 13.35), the narrowest buffering width for 95% of the routes overlapped (buffering width: GNSS mapping 1.5 m, image warping 18 m, CAD file conversion 24 m), highest shape similarity (shape index: GNSS mapping 19.6-28.9, image warping 7.2-10.8, CAD file conversion 6.5-7.4), and smallest area size difference in turning function analysis (GNSS mapping 2814-4949, image warping 7972-26,256, CAD file conversion 8661-27,845). However, GNSS requires more time (236 min/km) and costs more ($139.64/km) to produce a digital road map as compared to CAD file conversion (99 min/km and $40.90/km) and image warping (180 min/km and $81.84/km). Managers must decide on the trade-off between accuracy and cost while considering the demand and purpose of maps. GNSS mapping can be used for small-scale mapping or short-haul routes that require a small error range. Image warping was the lowest cost and produced low-accuracy maps, but may be suitable for large-scale mapping at the regional or national level. CAD file conversion was expected to be the most accurate method, because it converted as-built drawings to a map. However, we found that it was the least accurate method, indicating low accuracy of the as-built drawings. Efforts should be made to improve the accuracy of the as-built drawings in Korea.
Introduction
Forest roads are the infrastructure that affects accessibility to work sites that allow the continuation of forest management and harvest operations [1, 2] . Forest roads are often considered an integral part The accuracy of digital maps can be evaluated by point-to-point positional comparisons [1, 13] or shape similarity [14, 15] . In order to evaluate the positional accuracy of a point object, the most commonly-used method is to determine the error (e.g., Root Mean Square Error (RMSE)) using a specific point or a corresponding point [1, 13] . However, it is difficult to evaluate the accuracy and error range of features in linear or polygon form [14, 16] . Therefore, many studies used RMSE of two-or three-dimensional coordinates to compare the geographical accuracy of linear objects such as roads [1, 8, 9] . In addition, methods have been developed to accurately evaluate the shape similarity or matching of linear or polygonal objects. This is similar to a buffering analysis that compares shape differences by evaluating the area size and shape of a polygon created by overlaying two objects [14, 15] and the turning function by plotting the rotation angles and lengths of polygonal chains [17, 18] . However, previous studies have only investigated the positional accuracy of each tool and none have compared both the positional accuracy and shape similarity of forest roads by digital mapping techniques, such as CAD file conversion, image warping, and GNSS mapping techniques. Without investigating these, the accuracy of these tools may not be fully evaluated.
Consequently, the aim of this study is to evaluate the horizontal accuracy, shape similarity, and cost of creating forest road maps using different mapping techniques. Specifically, we (i) made digital forest road maps using three techniques: (1) CAD file conversion, (2) image warping, and (3) GNSS mapping, and (ii) compared their accuracy, shape similarity time, and cost. The results of this study will contribute to improved long-term forest road maintenance, and road construction with a digital map of forest roads.
Materials and Methods

Study Area Description
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Materials and Methods
Study Area Description
This study consisted of five forest road routes that were located in Chungcheongnam-do in the Republic of Korea ( Figure 1 ). The length of each route was 1-1.4 km ( Table 1) and were a part of the national forest road system of the Korea Forest Service (KFS). This study compares two-dimensional horizontal accuracy and, therefore, forest road sections with a small altitude difference were selected. 
Mapping Techniques of Forest Roads
Digital road maps were made using three road-mapping techniques: (i) CAD file conversion, (ii) image warping, and (iii) GNSS mapping. Once mapping was complete, each method had their horizontal accuracies compared to the field-survey maps (i.e., reference maps) that were considered the most accurate (Figure 2, Figure S1 ). Development of a reference map was done with a SET530R Total Station (SOKKIA, Seoul, Korea) with an error range of ± 2 mm. This technique was used to measure the centerline and outline of the study routes. Reference maps were made using Power Comms [19] and AutoCAD [20] .
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Comparison of the Horizontal Accuracy and Shape Similarity between Three Mapping Techniques
Four methods were used to evaluate the horizontal accuracy and shape similarity between the three mapping techniques: (1) point-correspondence [13, 24, 25] , (2) buffering analysis [14, 15] , (3) shape index [26] , and (4) turning function [17, 27] . We only investigated the horizontal positional accuracy because that is more important than vertical accuracy, since most maps are shown in the horizontal plane.
Point-correspondence
Point-correspondence accuracy is based on the corresponding point to evaluate a difference between the same points using different techniques. An error is determined using Root Mean Square Error (RMSE) based on the deviation between the two points on the x-and y-axes [13, 24, 25] . Therefore, a single RMSE on the plane position can be calculated as follows: (1) Where: rmsex is root mean square error of x-axis, rmsey is root mean square error of y-axis. We selected 49 corresponding points from the five forest road routes and calculated RMSE values by the mapping technique and study site location. The results were statistically analyzed with a two-tailed t-test using a significance level of 0.01.
Buffering Analysis
It is very difficult to define the accuracy of vector data on unequal locations. Buffering methods are used to compare the accuracy of linear objects that do not correspond to each other [14, 15] . We buffered the reference route at 2 m intervals, calculated the buffer width using 95% of the comparable routes, and compared the buffer widths by the mapping technique. 
Shape Index
Comparison of the Horizontal Accuracy and Shape Similarity between Three Mapping Techniques
Point-Correspondence
Point-correspondence accuracy is based on the corresponding point to evaluate a difference between the same points using different techniques. An error is determined using Root Mean Square Error (RMSE) based on the deviation between the two points on the x-and y-axes [13, 24, 25] . Therefore, a single RMSE on the plane position can be calculated as follows:
where:
rmse x is root mean square error of x-axis, rmse y is root mean square error of y-axis.
We selected 49 corresponding points from the five forest road routes and calculated RMSE values by the mapping technique and study site location. The results were statistically analyzed with a two-tailed t-test using a significance level of 0.01.
Buffering Analysis
It is very difficult to define the accuracy of vector data on unequal locations. Buffering methods are used to compare the accuracy of linear objects that do not correspond to each other [14, 15] . We buffered the reference route at 2 m intervals, calculated the buffer width using 95% of the comparable routes, and compared the buffer widths by the mapping technique.
Shape Index
Buffering methods evaluate map accuracy through proximity to lines that do not correspond to each other, but the similarity of shapes cannot be determined. Therefore, it is necessary to further compare the similarity of the shapes of the study routes. Shape index is a method of comparing shapes as an index used to calculate the shape ratio. It is expressed as a ratio of area to circumference length [28] . Shape index was calculated for the polygon generated from the buffering analysis. If the shape was circular, the shape index is one (i.e., the small perimeter in a given internal area). If the shape was square, the shape index is 1.13. The shape index can be expressed as follows [15] :
Turning Function Analysis
Turning function analysis is another method to compare the shape differences of objects, by plotting the rotation angles and lengths of polygonal chains [17, 18] . It typically uses a graph that has the x-axis as the length of the comparing object and the y-axis as the rotation angle. Thus, the x-axis depends on the chain length. The y-axis value increases as the rotation angle of the chain increases, and decreases as the rotation angle decreases.
We had one reference map and three maps from each mapping technique. Therefore, the total lengths of polygonal chains might vary depending on the mapping technique. In order to only compare shape similarities, the total length was set to 100% and the ratio of each polygonal chain length was calculated [17, 27] . After that, the rotational angles and ratios of polygonal chain lengths were plotted (Figure 5a,b) . The shape similarities were compared by calculating the area difference between the graphs plotted from the reference map and three mapping techniques (Figure 5c ). The area difference between two graphs is a relative value, and therefore a lower value indicates a higher shape similarity. Buffering methods evaluate map accuracy through proximity to lines that do not correspond to each other, but the similarity of shapes cannot be determined. Therefore, it is necessary to further compare the similarity of the shapes of the study routes. Shape index is a method of comparing shapes as an index used to calculate the shape ratio. It is expressed as a ratio of area to circumference length [28] . Shape index was calculated for the polygon generated from the buffering analysis. If the shape was circular, the shape index is one (i.e., the small perimeter in a given internal area). If the shape was square, the shape index is 1.13. The shape index can be expressed as follows [15] :
Where: : shape index, p: perimeter (m), A: Area (m 2 ).
We had one reference map and three maps from each mapping technique. Therefore, the total lengths of polygonal chains might vary depending on the mapping technique. In order to only compare shape similarities, the total length was set to 100% and the ratio of each polygonal chain length was calculated [17, 27] . After that, the rotational angles and ratios of polygonal chain lengths were plotted (Figure 5a,b) . The shape similarities were compared by calculating the area difference between the graphs plotted from the reference map and three mapping techniques (Figure 5c ). The area difference between two graphs is a relative value, and therefore a lower value indicates a higher shape similarity.
(a) (b) (c) Figure 5 . Turning function analysis: (a) calculating rotational angles and polygonal chain length, (b) plotting rotational angles and ratios of polygonal chain lengths, and (c) comparing shape similarities by calculating the area difference.
Estimation of Map-making Time and Cost
The working time of the three mapping techniques was estimated by measuring the time spent on the field survey and digital map-making of the five road routes. We determined the labor cost [29] and work time to estimate the total cost. Worktime and cost are presented as an average cost per unit road length (US dollar/km).
Results
There were differences in route length between the maps created when using the total station and three mapping techniques ( Table 2 ). The Total Station data indicated that the length of the study 
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Results
There were differences in route length between the maps created when using the total station and three mapping techniques ( Table 2 ). The Total Station data indicated that the length of the study area was 5662 m. This was shorter than the lengths produced by both the CAD file and image warping, but very similar to GNSS mapping. 
Point-Correspondence
After analyzing 49 points along the surveyed routes, the average RMREs from CAD file conversion, image warping, and GNSS mapping were 13.53 m, 7.13 m, and 1.28 m respectively, indicating that the GNSS mapping accuracy is the highest (Table 3 ). In particular, CAD file conversion had 10.4 times the mean and 8.56 times the standard deviation of the RMSE as compared to GNSS mapping. The positional accuracy (RMSE) of the image warping is about 47% as compared to the CAD file conversion, indicating that image warping is more accurate than the CAD file conversion. For all five study routes, the RMSEs were significantly different.
Buffering Analysis
In the buffering analysis, overlaying the CAD file conversion maps on top of the reference maps resulted in a buffer width of 24 m, and greater than 95% of routes being included in the buffer range. Buffer widths, when overlapping 95% of the routes, were as follows: Gongju (16 m), Dangjin (18 m), Nonsan (18 m), Cheonsan (22 m), and Seosan (24 m) ( Figure S2 ). Overlaying the image warping and reference maps indicated that with a buffer width of 18 m, more than 95% of the routes were included in the buffer range ( Figure S3 ). Buffer width, when overlapping 95% of the routes, were as follows: Nonsan (10 m), Dangjin (12 m), Cheonsan (12 m), Gongju (18 m) and Seosan (18 m). GNSS mapping allowed the use of the narrowest buffer width (Figure 6 ). On average, more than 95% of the routes were included in the buffer range of the reference map when the buffer width was 1.5 m. When the all routes (100%) were included, buffer widths were 4 m ( Figure S4 ). 
Shape Index
The shape index of the converted CAD file was 6.5-7.4, image warping was 7.2-10.8, and GNSS mapping was 19.6-28.9 ( Table 4) . As previously noted, when the shape of the measured polygon is circular the shape index is 1. The index increases when the shape elongates (e.g., becomes bar-shaped) [26] . Therefore, a higher index indicates that the shape is closer to the reference map. In general, polygons from GNSS mapping results in a shape index greater than 20, indicating narrow and long shapes more closely resembling the reference map. In contrast, the shape indices from the CAD file conversion and image warping methods resulted in shape indices that were generally less than 10, indicating broader shapes and less shape similarity to the reference map. Figure 6 . Results of buffering analysis by mapping technique. The overlapping rates were average values.
The shape index of the converted CAD file was 6.5-7.4, image warping was 7.2-10.8, and GNSS mapping was 19.6-28.9 ( Table 4) . As previously noted, when the shape of the measured polygon is circular the shape index is 1. The index increases when the shape elongates (e.g., becomes bar-shaped) [26] . Therefore, a higher index indicates that the shape is closer to the reference map. In general, polygons from GNSS mapping results in a shape index greater than 20, indicating narrow and long shapes more closely resembling the reference map. In contrast, the shape indices from the CAD file conversion and image warping methods resulted in shape indices that were generally less than 10, indicating broader shapes and less shape similarity to the reference map. 
Turning Function Analysis
Differences in mapped area size among the three mapping techniques as compared to the reference map were as follows: CAD file conversion (8661-27,845), image warping (7972-26,256), and GNSS mapping (2814-4949) (Table 5, Figure 7 , Figures S5-S8) . Overall, the mapped area differences were Forests 2019, 10, 452 9 of 13 lowest using GNSS mapping, followed by image warping, and CAD file conversion. Our results indicate that the GNSS mapping produced maps that were most similar to the reference map. 
Differences in mapped area size among the three mapping techniques as compared to the reference map were as follows: CAD file conversion (8661-27,845), image warping (7972-26,256) , and GNSS mapping (2814-4949) (Table 5, Figure 7 , Figure S5-S8) . Overall, the mapped area differences were lowest using GNSS mapping, followed by image warping, and CAD file conversion. Our results indicate that the GNSS mapping produced maps that were most similar to the reference map. 
Estimation of Map-making Time and Cost
The working time of three mapping techniques, inclusive of field survey and map-making, were 236 min/km for GNSS mapping, 180 min/km for image warping, and 99 min/km for CAD file 
Estimation of Map-Making Time and Cost
The working time of three mapping techniques, inclusive of field survey and map-making, were 236 min/km for GNSS mapping, 180 min/km for image warping, and 99 min/km for CAD file conversion. Production costs to create a digital map were $139.64/km for GNSS, $81.84/km for image warping, and $40.90/km for CAD file conversion, indicating that CAD file conversion was the most cost-efficient (Table 6 ). In addition, the working time to produce the reference map using the total station was 315 min/km (195 min/km for on-site survey and 120 min/km for map-making work), and the total cost was $180.66/km. 
Discussion
Map accuracy is one metric for determining the best mapping method and, for our study, map accuracy followed the trend (from greatest to smallest) of GNSS, image warping, and CAD file conversion. However, there are several error-sources inherent within spatial data that should be addressed before making a digital map using GIS or CAD programs. In the forest environment, the constraints of surveying include difficult terrain and trees taller than the user, but GNSS is primarily used because of convenience and efficiency [1, 2, 31] . Many studies have shown, however, that the accuracy of GPS-based surveying has an error range of 1-88 m [2, 8] and depends on the user and/or receiver environment. In particular, the failure to receive satellite signals because they are blocked by a forest canopy or hilly terrain during forest road route surveys is one possibility of user error [1] . Therefore, in order to increase the accuracy of GPS surveying, it is necessary to reduce the influence of the forest canopy and terrain, to have enough time to receive satellite signals, and to educate and train users to reduce human error [1, 32] . Scanning and data transferring methods such as image warping and CAD file conversion might also have an error of positional accuracy due to the data itself. For example, during road construction changes made in the route are often not reflected in the as-built drawings. After completion of road construction, the as-built drawings are made using blueprints rather than conducting field surveys again. We considered data inaccuracy as a part of the overall methodological errors, due to lack of detailed field survey data after the road construction. Future studies are needed to further assess the different errors associated with image warping and CAD file conversion.
In many forest studies the positional accuracy was evaluated by measuring the difference between a known reference point and the corresponding points, and then calculating the position error (e.g., RMSE). However, it is difficult to compare the morphological differences of line segments [14, 16] because midand endpoints in a line segment can contain disproportionate error terms [33] . Furthermore, since linear networks, such as roads, often do not have adequate comparison points, it may be more appropriate to simply compare features within a road network to a more accurate, linear reference [14, 15] or to internal digital geometry [24, 34, 35] .
Shape matching is important for comparing accuracy and similarity [18] , especially for a line or polygon segment such as the centerline of roads, railways, shorelines, and boundaries of natural phenomena [15] . Thus, we used the highly accurate reference map to compare the positional accuracy and shape similarity of the other mapping methods by using point-correspondence and buffering analysis. The results from both methods showed that GNSS mapping was the most accurate technique. However, this method also takes more time and has a greater associated cost to collect field data and construct maps as compared to the other two techniques. For the CAD file conversion technique, the only time requirement was to input or edit locations and information on the forest road routes and facilities without the need for a field survey. Therefore, it took 42% less field and mapping time and had 27% less cost as compared to GNSS. Image warping took more time than the CAD file conversion because it required a field survey to obtain the GCP and additional processing time to scan the drawings. This study reports high GNSS time and costs and is similar to findings of previous studies. Kim et al. [9] reported it took 17 h to measure 35 km of forest road routes using a GPS receiver, while it took 6 h using aerial imagery. Furthermore, Ömer & Ayhan [7] reported that the production cost of GNSS mapping for spatial information ($17.22/ha) was about 3.6 times that of the digitizing method ($4.79/ha).
LiDAR is a widely used remote sensing technology that can be used as a road mapping method [8, 36] . In Korea, road map-making using LiDAR costed $11.05/ha for 1:1000 map and $7.10/ha for 1:5000 map [30, 37] , which are less than GNSS but greater than the digitizing method [7] . Future studies are needed to assess more up-to-date map-making technologies for forest road, such as LiDAR and 3D-based geographical information using point-cloud.
If higher map-making accuracy is required, then there will be associated increase in mapping costs. Similarly, if mapping funds are limited, map accuracy will be lower [9] . Therefore, it is necessary to make decisions regarding the trade-off between accuracy and cost, while considering the demand and purpose of maps. GNSS mapping techniques are most suitable for small-scale mapping or short-haul routes where a small error range is required (e.g., less than 1m). CAD file conversion can be accurate because it converts as-built drawings with high accuracy into a map. However, this study found that the data did not match well with the reference map and the technique was less accurate than GNSS mapping. In Korea, more efforts should be made to improve the accuracy of the as-built drawings and CAD file conversion. Due to their lower level of accuracy, CAD file conversion is recommended for making a large-scale road inventory at the regional or national level. Due to low accuracy, the image warping technique can also be considered for large-scale mapping or long-distance routes, such as 1:25,000 or greater.
This study compared the horizontal accuracy of different mapping techniques in forested areas in Korea. Considering that most maps are shown in the horizontal plane, we did not include vertical accuracy in this study. However, Korea has steep terrains [38] , and vertical accuracy might be of importance and is worth future investigations.
Conclusions
This study compared the horizontal accuracy, shape similarity, and production cost of creating forest road maps using different mapping techniques (i.e., CAD file conversion, image warping, and GNSS mapping) to determine the most effective methods to produce digital forest road maps. We conclude that GNSS mapping is the best technique when considering high accuracy and shape similarity. GNSS mapping, however, requires a substantial amount of time and considerable costs to produce digital maps. Therefore, GNSS mapping should be used for small-scale mapping or short-haul routes that require a small error range, while CAD file conversion and image warping can be used for large-scale mapping. CAD file conversion has been shown to be relatively accurate, but our data did not match well with the reference map and were less accurate than GNSS mapping. Since this method is less expensive and can produce maps suitable for long distances (large areas), greater effort should be made to improve the accuracy of the CAD file conversion in Korea. In addition, the accuracy of GPS surveying for GNSS mapping can be increased by educating and training users on how to reduce the influence of the forest canopy and terrain, while ensuring that there is enough time to receive satellite signals.
Effective forest management and harvest operations require precise spatial information. This study contributes knowledge about how to improve forest road mapping accuracy. There are increasing interests and needs (e.g., earthwork, cut and fill) for 3D-based geographical information using point-cloud. In the future, it will be necessary to make 3D road maps from point-cloud based data and to utilize this to develop an effective and efficient road inventory for large aerial extent mapping projects in mountainous areas. 
